Regulatory mechanisms for tissue repair and regeneration within damaged tissue have been extensively studied. However, the systemic regulation of tissue repair remains poorly understood. To elucidate tissue nonautonomous control of repair process, it is essential to induce local damage, independent of genetic manipulations in uninjured parts of the body. Herein, we develop a system in Drosophila for spatiotemporal tissue injury using a temperaturesensitive form of diphtheria toxin A domain driven by the Q system to study factors contributing to imaginal disc repair. Using this technique, we demonstrate that methionine metabolism in the fat body, a counterpart of mammalian liver and adipose tissue, supports the repair processes of wing discs. Local injury to wing discs decreases methionine and S-adenosylmethionine, whereas it increases S-adenosylhomocysteine in the fat body. Fat body-specific genetic manipulation of methionine metabolism results in defective disc repair but does not affect normal wing development. Our data indicate the contribution of tissue interactions to tissue repair in Drosophila, as local damage to wing discs influences fat body metabolism, and proper control of methionine metabolism in the fat body, in turn, affects wing regeneration.
tissue nonautonomous | tissue repair | methionine metabolism | genetic ablation | Drosophila melanogaster T issue repair is the necessary ability of an organism to maintain tissue homeostasis. The self-repair mechanisms of injured tissues have been extensively studied (1, 2) . The homeostatic mechanisms of tissue repair, on the other hand, are not confined to the damaged tissues, but rather involve organismal regulation with contributions from multiple systems, including the circulatory, nervous, and endocrine systems. The importance of interactions between damaged tissue and other tissues has been suggested. For example, nerve-derived factor is essential for limb regeneration in the newt and axolotl (3, 4) . Studies of parabiosis, the fusion of two organisms that consequently share a vascular system, revealed that regenerative ability was affected by internal environmental conditions based on the circulation of body fluids (5, 6) . However, the molecular mechanisms of tissue nonautonomous regulation of the repair process are only beginning to be understood.
Drosophila is a useful model animal for studying tissue interactions because of the availability of tissue-specific gene manipulation systems, such as the Gal4/Upstream Activation Sequence (UAS) system (7) or the Q system (8, 9) . In Drosophila larvae, the epithelial sheets of imaginal discs are known to have a remarkable ability to repair massive tissue damage. A classic example is their regenerative capacity following surgical ablation (10) (11) (12) . To overcome the technical difficulties of surgical ablation/regeneration experiments, a system was established for studying imaginal discs repair following genetic ablation, using a Gal4/UAS/Gal80 ts system (13) . Despite the great advantages provided by this system, the use of Gal80 ts limits the manipulation of genes with UAS constructs to only the ablating cells at the time of ablation. One strategy for overcoming this problem is to conduct tissue ablation independent of the Gal4/UAS/ Gal80 ts system, which allows for utilization of the Gal4/UAS system to manipulate gene expression in uninjured parts of the body. In the present study, we established a cell ablation system using a temperature-sensitive form of the diphtheria toxin A domain (DtA ts ) (14) . It has been demonstrated that DtA ts is active at low temperatures (18°C) and induces cell death through nuclease activity, but is inactivated at high temperatures (29°C) (14, 15) . Inducing DtA ts expression by using the Q system enabled us to manipulate Gal4/UAS-mediated gene expression in other organs, independent of the temporal tissue damage in wing discs.
Several studies using Drosophila have demonstrated that damaged tissues send signals to surrounding tissues. Cytokine signaling from UV-damaged epidermal cells mediates nociceptive sensitization in larvae (16) . Disc injury caused by aseptic wounds leads to production of Unpaired 3 (Upd3), an IL-6 like cytokine in the hemocytes and fat body, which triggers hemocyte proliferation, probably to accelerate clearance of injured cells (17) . Hemocyte ablation, however, had no effect on wound closure in the injured larval epidermis (18) , raising the question in terms of the functional contribution of hemocytes to tissue repair. In addition, damaged imaginal discs secrete Drosophila insulin-like peptide 8 (Dilp8), which inhibits ecdysone biosynthesis in the ring gland and arrests developmental processes, probably to gain time for repair (19, 20) .
We previously revealed that local necrosis in adult wings resulted in reduced levels of systemic S-adenosylmethionine (SAM) through the up-regulation of glycine N-methyltransferase (gnmt) in the fat body (21) . This report is an example of systemic regulation of SAM metabolism in the fat body on epithelial damage. SAM is a metabolite present in all living cells; it plays various roles, including that of a precursor for transmethylation, transsulfuration, and polyamine
Significance
Interactions between damaged and surrounding tissues are suggested to be critical for maintaining tissue homeostasis in multicellular organisms. In this study, we reveal the tissue nonautonomous contribution of the methionine metabolism in the fat body to the repair and regeneration processes of disc epithelia in fruit flies, Drosophila melanogaster. Fat body corresponds to the mammalian liver and adipose tissue, and methionine metabolism is a broadly conserved metabolic pathway from bacteria to human, which plays important roles through transmethylation, transsulfuration, and polyamine biosynthesis. We propose the regulatory roles of the methionine metabolism in the fat body for systemic regulation of tissue repair.
biosynthesis (22) . It is produced by sole SAM synthase (Sams) from the essential amino acid methionine (Met) and ATP, and SAM levels are strongly regulated by Gnmt in Drosophila fat body (21, 22) . Gnmt consumes excess SAM and produces S-adenosylhomocysteine (SAH), which is further metabolized to homocysteine (Hcy). Changes in SAM levels in response to necrotic tissue led us to hypothesize that tissue damage in larval discs also affects methionine metabolism in the fat body, which turned out to be the case in the present study using DtA ts -ablation system. We further tested whether the modulation of methionine metabolism in the fat body could affect imaginal disc repair in a tissue nonautonomous manner. Our study indicated that proper control of methionine metabolism in the fat body is crucial for repair of wing discs, highlighting the significance of systemic regulation for epithelial tissue repair.
Results
DtA ts Induces Temperature-Dependent Cell Ablation. To validate the utility of DtA ts in Drosophila imaginal discs for temporal tissue injury, we first constructed UAS-DtA ts transgenic flies. When DtA ts was expressed in eye discs by the GMR-Gal4 driver, adult flies exhibited a temperature-dependent defective eye phenotype (Fig. S1 A-D) . The eyes of DtA ts -expressing flies were severely reduced when grown at 18°C, whereas defects were barely apparent at 29°C.
Although the GMR-Gal4 driver produces a specific expression pattern within eye discs, expression mainly followed the late third-instar larval stage. At this time, the tissue repair potential has already disappeared (23) . Several studies have indicated that the wing pouch (WP) region of wing discs might be a suitable model to study regenerative growth (13, 24) . WP-Gal4 is expressed predominantly in the wing pouch region and haltere discs from the early stage of larvae (21) (Fig. S1E) . Therefore, we overexpressed DtA ts using WP-Gal4 at either nontoxic (29°C) or toxic (18°C) temperatures ( Fig. 1 A-J) . Contrary to the animals grown at 29°C, which did not have any obvious defect in development ( Fig. 1 A-E) , larvae developed at 18°C had a smaller GFP region in the wing disc (Fig. 1F) , where many cells were positive for anti-active Caspase-3 (Casp3 act ) staining (Fig. 1G) . The typical double ringlike pattern of Wg was not observed (Fig. 1H) , suggesting that Wg-expressing WP cells are ablated and/or the differentiation program of WP cells is altered. Larvae continuously developed at 18°C exhibited pupal lethality. When they were transferred from 18°C to 29°C during the late third-instar larval stage, a portion of them developed into adults with severely damaged wings (Fig. 1J ). JNK, a stress response kinase, is activated by tissue damage in Drosophila imaginal discs (25) . A LacZ reporter for JNK activation (puc-lacZ) was strongly up-regulated in the WP region at 18°C, suggesting JNK is activated in this region following tissue injury ( Fig. 1 D and I ).
Temperature Shift for Temporal Ablation Is Optimized to Study
Regenerative Growth. For DtA ts -induced tissue damage using the Q system, we constructed both WP-QF2 and QUAS-DtA ts transgenic animals. WP-QF2 showed a specific expression pattern in wing discs, similar to WP-Gal4 (Fig. S1F) , and QUAS-DtA . n = 172 for 0-h ablated larvae; n = 326 for 24-h ablated larvae; n = 226 for 38-h ablated larvae; n = 108 for 48-h ablated larvae. Lethality reflected in the pupal lethality. Criteria of each group are described in SI Materials and Methods. under the control of WP-QF2 resulted in temperature-dependent wing pouch ablation ( Fig. 1 K and K′) . We also observed a weak signal for anti-Casp3 act even at 29°C (Fig. 1K ). Fig. 1 L-T) . In the optimized protocol, larvae were developed at 29°C for 54 h after larval hatch (ALH) [this time point is referred as before ablation (BA)] and then transferred to 18°C to initiate DtA ts -induced tissue damage. After maintaining 24, 38, or 48 h at 18°C, larvae were transferred back to 29°C to stop the DtA ts -induced tissue injury [this time point is referred to as after ablation 0 h (AA0)]. Longer ablation time caused severe wing phenotype, similar to that reported previously (26) , and resulted in higher pupal lethality (Fig. 1M ). In the following experiments, the ablation time was 38 h for the Q-based DtA ts ablation because this condition gave an intermediate effect; more than 60% of DtA ts -expressing adult flies had intact wings ( Fig. 1 M, P, and T) , allowing us to search the modifiers of adult wing phenotype.
We next observed the morphology of the wing discs. Wing discs from control larvae (without QUAS-DtA ts ) at time point BA demonstrated cell proliferation in the WP region, marked by phosphohistone 3 (PH3) staining and the typical ring-like pattern of Wg ( Fig. 1 N and N′) . The wing discs continued to grow at 18°C at time point AA0, and most of the larvae pupated 30 h after being shifted back to 29°C ( Fig. 1 O and O′) . Wing discs expressing DtA ts revealed a similar morphology to controls at time point BA ( Fig.  1 Q and Q′) . However, following 38 h of ablation (time point AA0), PH3-positive cells in the WP region were rarely observed, and Wg staining was reduced ( Fig. 1 R and R′) . Thirty hours after the shift back to 29°C [after ablation 30 h (AA30)], cells in the WP were proliferating, and the typical Wg staining pattern was restored ( Fig. 1 S and S′) , indicating that the repair process had been activated. Similar phenotypes were observed when using Gal4/ UAS for tissue ablation, although different lengths of time were required, probably because of differences in the expression strength ( Fig. S1 G-O; in the following experiments, the ablation time for the Gal4-based system was 54 h). These results demonstrated that our DtA ts system is appropriate for use in further studies on tissue repair in wing discs.
Tissue Injury in Wing Discs Alters Methionine Metabolism in the Fat
Body. To determine whether methionine metabolism is altered following disc injury, we measured the amount of metabolites in the whole body during tissue damage and at the early stage of tissue repair. A simplified diagram of methionine metabolism is presented in Fig. 2A . The overall levels of Met and SAM were significantly reduced upon disc injury at AA0 and AA6, whereas the SAH levels did not change (Fig. 2B) . The amount of Hcy was less than detection limit (0.5 μM) by our system. Because SAM is required for methylation and SAH inhibits the activity of methyltransferases, the SAM/SAH ratio is regarded as a methylation index (MI). The MI also decreased after ablation (Fig. 2B) , suggesting the methylation capacity declined because of disc injury. We also quantified 5′-methylthioadenosine (MTA) and cystathionine (Cysta) (Fig.  2A) , a metabolite in the methionine salvage and transsulfuration pathway, respectively. The levels of MTA did not change, whereas Cysta decreased during ablation (Fig. 2B) . These analyses indicated that disc injury indeed altered methionine metabolism.
To examine whether the change of methionine metabolites occurred systemically or locally, we analyzed the metabolites in hemolymph and in the fat body, a major metabolic organ active in methionine metabolism (Fig. 2 C and D) . In the fat body, the changes in Met, SAM, and SAH were greater than in the whole body, especially at AA6 (Fig. 2C) , whereas Met, but not SAM and SAH, decreased mildly in the hemolymph (Fig. 2D) . The levels of Cysta from these samples were under our detection limit (0.1 μM). These data suggested that the methionine metabolism was altered in the fat body in response to local tissue damage in wing discs, and tissue damage did not drastically influence metabolites levels in the hemolymph. Minor effects on hemolymph metabolites also implied that these metabolites do not directly affect disc repair.
To determine how methionine metabolism changed in the fat body following tissue damage, we performed a Western blot analysis for Sams and Gnmt in the fat body. Considering the reduction of SAM with elevation of SAH, we hypothesized there would be a reduction of Sams and/or induction of Gnmt in this tissue. However, the amount of Sams was up-regulated in the fat body, whereas the amount of Gnmt did not change significantly (Fig. S2A) . This result suggests that other unknown factors including various methyltransferases might contribute to the alteration of SAM and SAH levels, although we could not deny the possibility that enzymatic activity of Sams and Gnmt changed without affecting protein amounts. Gene expression analyses of sams and gnmt by quantitative RT-PCR (qRT-PCR) also confirmed that sams was up-regulated after ablation, whereas gnmt did not significantly change (Fig. S2B) . A decrease in SAM amount with increased sams expression is consistent with the observation of regenerating liver in the rat. A transient decrease of hepatic SAM levels and subsequent up-regulation of methionine adenosyltransferase 2A (MAT 2A; a mammalian homolog of Sams) was observed after partial hepatectomy (27) . We assumed that this up-regulation of sams in fat body might be an adaptive response against SAM . Metabolites were extracted from whole larvae (B), the fat body (C), and hemolymph (D). Temperature treatment was the same as described in Fig. S1G . The amounts of metabolites were normalized by the amounts of proteins. SEM was calculated from four independent samples. Statistical analysis was performed with an unpaired two-tailed Student t test; *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant. reduction by tissue injury in wing discs. Additionally, this increased sams expression could also explain the reduction of Met in the fat body and hemolymph, especially at AA6 (Fig. 2 C and D) .
Genetic Manipulation of Methionine Metabolism in Fat Body Restricts
Disc Repair. Reaction of the fat body methionine metabolism to tissue injury motivated us to test its functional contribution to wing disc repair. Methionine metabolism could be genetically altered by manipulating Gnmt (21, 28) , a conserved regulator of methionine metabolism that is mainly expressed in the fat body ( Fig. 2A) . We generated a line that combined WP QF > DtA ts and the FB-Gal4 driver to allow us to simultaneously induce tissue damage in the wing pouch and manipulate gnmt expression in the fat body. Interestingly, the fat body-specific knockdown of gnmt resulted in defective adult wings (Fig. 3A) . Hampered repatterning of Wg without substantial differences in cell proliferation (marked by PH3) was observed in wing discs (Fig. 3 C-H) . This impairment of disc repair by repressing SAM catabolism prompted us to test whether up-regulation of SAM catabolism in the fat body accelerates disc repair. Unexpectedly, fat body-specific overexpression (O/E) of gnmt similarly impaired repair of the wing disc ( Fig. 3 A and I-K) . Importantly, neither knockdown nor overexpression of gnmt in the fat body in WT flies (without ablation) resulted in abnormalities of adult wings (Fig. 3A) , indicating that Gnmt does not have a significant effect on normal wing development. We also observed that disc repair following DtA ts ablation was defective in gnmt-null mutants (gnmt
Mi
; Fig.  S3 A-G′), in which Gnmt proteins were not detected (21), confirming that gnmt is essential to disc repair. To determine the contribution of Gnmt to the damaged tissue itself, gnmt was either knocked down or overexpressed in the WP region of wing discs. In the case, the effect of both knockdown and overexpression of gnmt in the damaged WP region was much weaker than that in the fat body (Fig. S3H) . Thus, the fat body could be the major tissue in which Gnmt plays a role in wing disc damage for disc repair.
To generalize the contribution of methionine metabolism to wing disc repair, we used other cell death-inducible genes reaper (rpr) and eiger (egr) by temporal induction with Gal80 ts under the control of the tubulin promoter (tubGal80 ts ). Larvae were developed at 18°C until 168 h ALH, then shifted to 29°C to induce rpr or egr for 24 h, and then transferred back to 18°C to repress cell death-inducing genes. As we expected, defective adult wings were observed after temporal ablation in gnmt mutants (Fig. S4A) . Temporal tissue damage in wing discs was evidenced by disrupted Wg during ablation, which was recovered at least 72 h after ablation in WT flies, but not completely in gnmt mutants (Fig. S4 B-F′) , indicating that the active role of methionine metabolism in disc repair is not specific to DtA ts -induced tissue damage. To confirm the contribution of methionine metabolism in the fat body, we then manipulated sams (Fig. 3 B and L-Q) . Consistent with the case of gnmt, the penetrance of the defective wing phenotype following disc injury was increased when sams was either knocked down or overexpressed in the fat body (Fig. 3B) . Impaired repatterning of Wg in the larval WP was observed in both conditions (Fig. 3 L, M , O, and P). No abnormal wing phenotype was observed when sams was knocked down or overexpressed in the fat body without inducing ablation (Fig. 3B) . These data further support that proper regulation of methionine metabolism in the fat body is essential for complete tissue repair of the wing discs.
Developmental Delay Is Not Affected by Loss of Gnmt Function. We found that developmental delay was induced by DtA ts -induced tissue injury, which was at least partially dependent on dilp8 produced in the damaged region (Fig. S5A) . Repressing developmental delays by RNAi-mediated knockdown of dilp8 hampered the efficiency of tissue repair (Fig. S5B) , suggesting developmental delay is required for sufficient recovery of damaged wing discs. The extent of developmental delay was unaffected in gnmt mutants (Fig. S5C) , suggesting that incomplete disc repair with altered methionine metabolism is not due to the attenuation of developmental delay.
Given that tissue damage induces developmental delay, it was possible that the altered levels of methionine metabolites following wing disc injury could be explained by the differences in developmental stage. To assess this possibility, we measured the amount of metabolites during normal development (Fig. S6) . We found that all metabolites tended to decrease gradually from ALH 84 h, which was the middle third-instar larval stage. Thus, the amount of metabolites in ablated larvae should be higher than nonablated larvae when considering delayed development. However, levels of metabolites were decreased in ablated larvae (Fig. 2B) , indicating that developmental delay could not explain altered metabolites levels.
Defective Disc Repair Is Concomitant with the Changed Metabolites
Level in Methionine Metabolism. To know how methionine metabolism is affected, we measured metabolites under gnmt-or sams-manipulated conditions, which resulted in impairment of disc repair (Fig. 4) . We confirmed efficiency of these manipulations by Western blot analysis (Fig. S7) . Knockdown of gnmt caused higher levels of SAM, MTA, and MI, whereas the levels of Cysta decreased, indicating the congestion of the methionine metabolism between SAM and SAH. sams RNAi, on the other hand, only caused the increase of Met and a decrease of Cysta. Unchanged SAM levels in sams RNAi flies was expected because this was observed in our previous study in adult flies and Gnmt protein was also reduced in sams RNAi larvae (28) (Fig. S7) , probably as an adaptive response to maintain SAM levels. Overexpression of gnmt only increased the SAH amount, which led to reduced MI, whereas up-regulation of sams resulted in a higher amount of SAM, SAH, MTA, and MI. Unexpectedly, these results indicated no single metabolite or MI correlated with the disc repair phenotype. Tissue repair includes complex processes, including wound healing, cell proliferation, cell de-and redifferentiation, and tissue reestablishment. Therefore, one possibility is that the change of each metabolite could restrict the regenerative capacity of wing discs via different mechanisms. For example, up-and down-regulation of MI in gnmt RNAi-, sams O/E-, and gnmt O/E-impaired tissue repair through hyper-and hypomethylation, whereas sams RNAi hampered the repair process through increased Met. It is also possible that down-regulation of Cysta levels in gnmt/sams RNAi inhibited disc repair. However, knock down of cystathionine beta synthase (CBS), a rate-limiting enzyme for the transsulfuration pathway through converting Hcy into Cysta ( Fig. 2A) , did not inhibit repair (Fig. S8A) , suggesting either Cysta or its downstream components, including Cysteine and Glutathione, may not be the responsible metabolites. Another possible interpretation is that the entire methionine metabolism flux is essential, rather than the absolute amount of a single or combination of metabolites.
To negate the possibility that general impairment of the fat body function could have negative effects on wing disc repair, we overexpressed the dominant negative form of the insulin receptor (InR DN ). Overexpressing InR DN in the fat body did not affect the adult wing phenotype (Fig. S8B) , although cell size in the fat body was reduced by overexpression of InR DN (Fig. S8 C-D′) . These results highlighted the importance of methionine metabolism.
Regulation of Sams and Gnmt in the Fat Body Is Required During the
Regenerative Period of Wing Discs. It is evident that wing disc repair was inhibited by tissue nonautonomous contribution from the fat body. Nevertheless, our experiments lack temporal resolution, and we could not rule out the possibility that wing disc property was altered by manipulating methionine metabolism before or during tissue ablation, because the FB-Gal4 is expressed from early stages of development (Fig. 5A) . To confirm that fat body methionine metabolism affects the repair processes of wing discs, we used the Lsp2-Gal4 driver, which becomes active in the fat body from 12 to 24 h after ablation (Fig. 5B) . Under these conditions, at least three of them (overexpression and knockdown of gnmt, as well as sams O/E) resulted in a defective wing phenotype, confirming the influence of methionine metabolism during repair period (Fig. 5C ).
In conclusion, our study highlighted the important cross talk between damaged discs and the fat body, as damaged discs altered fat body methionine metabolism, which is essential for complete repair of damaged wing discs (Fig. 5D ).
Discussion
Tissue repair and regeneration in Drosophila imaginal discs have been extensively studied; however, our understanding of its molecular mechanism is far from complete, especially in terms of systemic aspects. In this report, we combined two independent, binary gene expression systems to allow temporal control of tissue injury using DtA ts to study tissue nonautonomous mechanisms of imaginal disc repair. Our temporal ablation system could be useful to study tissue repair factors from any tissues by selecting the proper Gal4 lines. Likewise, utilization of other QF drivers to express DtA ts allows us to identify systemic interactions between specific damaged tissue of interest and surrounding tissues.
Our findings revealed the remote contributions of the fat body methionine metabolism to tissue repair of wing discs. The Fig. 4 . The metabolites level of methionine metabolism changes by genetic manipulation of gnmt or sams in the fat body. The levels of SAM, SAH, methylation index, Met, MTA, and Cysta in ablated and fat body-specific gnmt or sams manipulated larvae at AA0. Temperature treatment was the same as described in Fig. 1L . The amounts of metabolites were normalized by the amounts of proteins. SEM was calculated from four independent samples. One-way ANOVA Turkey's multiple comparison test was applied: *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant. Fig. 5 . Tissue repair is impaired by manipulation of methionine metabolism specifically during disc repair. (A and B) UAS-turboRFP shows the timing of expression from the FB-Gal4 driver (A) and the Lsp2-Gal4 driver (B). Temperature treatment was the same as described in Fig. 1L. (C Gal4 >+) with treatment larvae. NS, not significant; **P < 0.01; ***P < 0.001. (D) Schematic of the tissue nonautonomous interaction between epithelial repair in the wing disc and methionine metabolism in the fat body.
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methionine metabolism was altered in the fat body in response to local tissue damage to wing discs, without having a dramatic influence on metabolite (at least SAM and SAH) levels in hemolymph. Thus, we assumed that the change in methionine metabolism within the fat body was responsible for the regenerative potential of damaged discs, which might be mediated by other unknown systemic factor(s). However, we cannot deny the possibility that excess and depleted amounts of some metabolites in hemolymph under genetic manipulation of methionine metabolism directly impairs disc repair. Although it is still unclear why both up-and downregulation of gnmt or sams impairs disc repair, deletion of either MAT 1A or GNMT in mice also showed impaired liver regeneration (29, 30) , indicating the evolutionally conserved effect of methionine metabolism on tissue repair. Our data revealed no effect of fat body CBS on disc repair, which is consistent with the observation that knockout mice for the modifier subunit of glutamate-cysteine ligase (GCLM), the enzyme involved in the transsulfuration pathway, did not show impaired liver regeneration (31) . Therefore, transsufuration in the fat body seems not to be essential for tissue repair. The weakness of our metabolic analysis is its snapshot quantification, which has little information on metabolic flux. It is difficult to understand the activity of each metabolic pathway from this experiment. The study of underlying mechanisms will be an intriguing issue for future research, which may include temporal and tissue-specific genetic manipulation with detailed flux analysis of metabolites.
Almost all methyltransferases rely on SAM for methylation of various substrates; thus, altered MI is expected to affect key biological processes regulated by methylation, such as translation, transcription, lipid metabolism, and epigenetic gene regulation (22, 32) . Even though SAM and SAH itself in hemolymph did not change significantly after ablation, it is still possible that a change in the methionine metabolism in the fat body could affect local SAM synthesis in repairing disc directly or indirectly. It was reported that histone modification H3K27me3 is much less prevalent during wound healing of skin in mice (33) and the H3K27me3 demethylase is required for zebrafish fin regeneration (34) . Therefore, a decrease of Met in hemolymph possibly affects SAM-dependent processes, including histone methylation in damaged tissue.
Importantly, fat body-specific sams or gnmt manipulated flies have neither apparent defects in adult wing size or shape nor developmental lethality. This result is similar to the finding that the appearance and growth rates of GNMT KO mice are similar to those of WT mice for 3-6 mo after birth (35) . This observation means methionine metabolism in the fat body may not be crucial for the normal development of wing discs, but functions during critical tissue damage as a systemic modulator. Understanding the regulatory roles of methionine metabolism will give us previously unidentified insights into systemic control of tissue repair.
Materials and Methods
All fly strains used and details of genetic combinations in each experiment are described in SI Materials and Methods. Measurement of metabolites was performed using ultra-high-performance liquid chromatography equipped with tandem MS, TQD (UPLC-MS/MS; Waters) based on a previous study (21, 36) . Immunostaining, fly culture, and other experimental procedures have been performed following protocols. See SI Materials and Methods for details.
